In this study, we determined whether multilineage-differentiating stress-enduring (Muse) cells exist in rat bone marrow and elucidated their effects on protection against the injury of intestinal epithelial cells associated with inflammation. Rat Muse cells were separated from bone marrow mesenchymal stem cells (BMMSCs) by trypsin-incubation stress. The group of cells maintained the characteristics of BMMSCs; however, there were high positive expression levels of stage-specific embryonic antigen-3 (SSEA-3; 75.6 ± 2.8%) and stage-specific embryonic antigen-1 (SSEA-1; 74.8 ± 3.1%), as well as specific antigens including Nanog, POU class 5 homeobox 1 (OCT 3/4), and SRY-box 2 (SOX 2). After inducing differentiation, α-fetoprotein (endodermal), α-smooth muscle actin and neurofilament medium polypeptide (ectodermal) were positive in Muse cells. Injuries of intestinal epithelial crypt cell-6 (IEC-6) and colorectal adenocarcinoma 2 (Caco-2) cells as models were induced by tumor necrosis factor-α stimulation in vitro. Muse cells exhibited significant protective effects on the proliferation and intestinal barrier structure, the underlying mechanisms of which were related to reduced levels of interleukin-6 (IL-6) and interferon-γ (IFN-γ), and the restoration of transforming growth factor-β (TGFβ) and IL-10 in the inflammation microenvironment. In summary, there were minimal levels of pluripotent stem cells in rat bone marrow, which exhibit similar properties to human Muse cells. Rat Muse cells could provide protection against damage to intestinal epithelial cells depending on their anti-inflammatory and immune regulatory functionality. Their functional impact was more obvious than that of BMMSCs.
Introduction
In 2010, Dezawa (Wakao et al., 2011) found a unique group of stem cells in human mesenchymal stem cells (MSCs), which were originally identified to be cells resistant to stress following lengthy trypsin incubation, and were positive for both stage-specific embryonic antigen-3 (SSEA-3), the hallmark of human embryonic stem cells (ESCs) and CD105, a human MSCs marker. This group of cells was termed multilineage-differentiating stress-enduring (Muse) cells. Further studies have demonstrated that Muse cells are positive for core pluripotency transcription factors (e.g., Nanog homeobox [NANOG] , POU class 5 homeobox 1 -----------------------------------------------------------------------------------------------This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
[POU5F1, OCT 3/4], and SRY-box 2 [SOX 2]) and could differentiate from single cells into endoderm, ectoderm, and mesoderm cells (Iseki et al., 2017; Wakao et al., 2018; Wang et al., 2018) . Differing from ESCs and induced pluripotent stem cells, Muse cells exhibit safe telomerase activity as they did not form teratoma in immunodeficient mice, thereby eliminating this ethical concern in clinical applications (Dezawa, 2016; Yamauchi et al., 2017; Wakao et al., 2018) . The study of Muse cells burgeoned into a new hotspot of stem cell research because of their excellent protective and reparative functions (Perone et al., 2018) . Several basic research studies and clinical trials have indicated that Muse cells exhibit better protective and reparative effects than MSCs in studies on various diseases and models (e.g., liver disease [Iseki et al., 2017] , nervous system diseases [Uchida et al., 2016] , diabetes [Perone et al., 2018] , skin regeneration [Hu & Longaker, 2017; Yamauchi et al., 2017] , and myocardial infarction [Tanaka et al., 2018] ).
Muse cells have been isolated from various tissues of the human body, including the bone marrow (Iseki et al., 2017) , umbilical cord (Leng et al., 2019) , skin fibroblasts (Uchida et al., 2016) , and adipose tissue (Yamauchi et al., 2017) . In different species, the presence of Muse cells has also been confirmed in the body of goats (Yang et al., 2013) . However, there have been no reports regarding the existence of Muse cells in rats to date. Thus, in the present study, we sought to explore the presence of pluripotent stem cells similar to human Muse cells in rat bone marrow, and identify the associated cellular characteristics.
Studies regarding the immunoregulatory function of Muse cells would also be important to systematically evaluate the clinical application potential and prospects of Muse cells (Gimeno et al., 2017; Perone et al., 2018) . Clinically, immune factors have been found to play a critical role in inflammatory bowel disease (IBD) (i.e., ulcerative colitis and Crohn's disease), and both the antiinflammatory response and immune regulation are vital for the treatment schedule (Shouval & Rufo, 2017) . Intestinal damage is often accompanied by the aberrant excretion of diversified inflammatory factors, including tumor necrosis factor-α (TNF-α) (Knipe et al., 2016) . The hyperactivated inflammatory environment has been found to be involved in the reduction of intestinal epithelial cell proliferation activity and the destruction of the intestinal barrier structure (Gezginci-Oktayoglu et al., 2016) . In this study, the rat small intestinal crypt epithelial cell line, IEC-6, and human colorectal adenocarcinoma cell line, Caco-2, which possess an ideal tight junction barrier structure, were selected as in vitro models of intestinal epithelial cells. Using proinflammatory recombinant TNF-α, we established models of inflammatory intestinal epithelial cell injury (Cao et al., 2017; Yin et al., 2019) . The protective effects of Muse cells and bone marrow mesenchymal stem cells (BMMSCs) on damaged intestinal epithelial cells were evaluated.
Materials and methods

Isolation and culture of rat BMMSCs and Muse cells
BMMSCs were sterilely obtained from the bone marrow of the femur and tibia of Sprague-Dawley rats (male; weight range: 60-80 g). Sprague-Dawley rats were provided by the China National Institutes for Food and Drug Control (Beijing, China). Animal feeding and experimental procedures strictly followed the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publications No. 8023, revised 1978) , and were approved by the Ethics Committee of Tianjin First Central Hospital (Tianjin, China). BMMSCs were cultured in DMEM/F12 (Gibco, Grand Island, USA) until the third generation and then trypsinized in Trypsin-EDTA Solution (Gibco) over an 8-h time period. Fetal bovine serum (FBS; Biowest, Nuaillé, France) was added to neutralize the trypsin. The obtained suspended cells were centrifuged for 15 min at 740g. Rat Muse cells were resuspended in wells coated with poly-2-hydroxyethyl methacrylate (poly-HEMA; Sigma, USA; 12 mg/mL in 90% ethanol). Alternate suspended and adherent cultivation was used to obtain stable passages.
Flow cytometry (FCM)
Rat BMMSCs and Muse cells were incubated with the desired antibodies (e.g., anti-CD29, anti-CD90, anti-RT1A, anti-CD34, anti-CD45, anti-RT1B, anti-SSEA-3 [BioLegend, San Diego, USA], and anti-SSEA-1, [STEMCELL Technologies, Vancouver, BC, Canada]). Edu proliferation (RiboBio, Guangzhou, China) and Annexin V-FITC/PI apoptosis (KeyGen BioTECH, Nanjing, China) detection kits were used to determine the cellular proliferation and apoptosis rates following the manufacturer's guidelines.
Induction of adipogenic and osteogenic differentiation of Muse cells in vitro
The formula of the induction medium and the induction protocol are based on the manuals documented in our previous study (Liu et al., 2014) . Orange-red lipid droplets were observed after oil red O staining in the cells, and deposited calcium salt was observed as a black substance after Von Kossa staining.
Immunofluorescence (IF)
The cells on plates were immobilized by acetone, permeabilized in phosphate-buffered saline (PBS)-Triton X buffer, and contained a 5% goat serum protein solution. The cells were then incubated in dilution buffers containing different primary antibodies at 4°C as recommended, after which they were observed and photographed (Cao et al., 2017) .
Quantitative real-time polymerase chain reaction (qRT-PCR)
Total messenger RNA (mRNA) was isolated from the cells using TRIzol (Thermo Fisher Scientific, MA, USA). Reverse-transcription and amplification were performed strictly following the product manuals (Yin et al., 2019) . The parameters for reverse-transcription were established as 37°C for 20 min and 85°C for 5 s; and for amplification as 95°C for 10 s, 58°C for 20 s, and 72°C for 30 s for 45 cycles. The primers were synthesized by AuGCT Inc. (Beijing, China) with sequences shown in Table 1 .
Western blotting
The total cellular proteins were extracted using RIPA Lysis Buffer (Solarbio), electrophoresed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), labeled with target antibodies, including anti-NANOG (Novus Biologicals, CO, USA), anti-OCT 3/4, anti-AFP, anti-ZO-1 (Invitrogen Antibodies, CA, USA), anti-SOX 2, anti-α-SMA, anti-NEFM, anti-PCNA, anti-Occluding, and anti-β-actin (Proteintech Group, IL, USA) that were detected with ECL Prime Western Blotting Detection Reagent. The relative level of protein expression was calculated based on that of β-actin as internal control.
Damaged intestinal epithelial cell injury model caused by TNF-α and protection models using stem cells
The intestinal epithelial cell lines IEC-6 and Caco-2 were obtained from the Cell Bank of the Shanghai Institute of Materia Medica, Chinese Academy of Sciences, and cultured in 10% FBS + 90% RPMI1640 (Gibco). The cells were seeded into a six-well plate at a density of 1 × 10 6 cells/ well, and 100 ng/mL recombinant TNF-α (PeproTech, Rocky Hill, NJ, USA) were added for 48-h to simulate an in vitro model of intestinal epithelial cell damage. When detecting the protective ability of the stem cells, 5 × 10 6 / well lymphocytes and 5 × 10 5 /well stem cells were added and co-cultured with IEC-6 or Caco-2 for 24 h . According to the experimental design, the cells were divided into four groups (i) control group; (ii) TNF-α group; (iii) TNF-α/BMMSCs group; and (iv) TNF-α/Muse cell group. The co-culture system preventing cell-to-cell contact used a 0.8-μm Transwell assay (Corning, NY, USA). Experiments were performed three or more times independently.
Cell counting kit-8 (CCK-8)
CCK-8 detection reagent (BestBio, Shanghai, China) was added following the manufacturer's protocol. The optical density (OD) values were detected using a Multilabel Plate Reader (Yin et al., 2019) .
Enzyme-linked immunosorbent assay (ELISA)
The cell culture supernatant of each group was collected after 24 h. The concentration of cytokines, including interleukin-6 (IL-6), interferon-γ (IFN-γ), transforming growth factor-β (TGF-β), and IL-10 (R&D Systems, MN, USA) were measured using a commercial ELISA kit according to the manufacturer's protocol.
Statistical analysis
Quantitative data are expressed as the mean ± standard deviation (SD). Categorical variables were tested with a χ 2 test or Fisher's exact probability test, and the quantitative data were statistically analyzed using Student's t test.
Statistical tests were performed with the SPSS statistical software package (version 21.0; SPSS Inc., USA) and Graphpad Prism statistical software package (version 5.01; Graphpad Software Inc, USA), with P < 0.05 representing statistically significant differences. 
Genes
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Results
Isolation and morphological observations of rat BMMSCs and Muse cells
Rat BMMSCs were observed as the long-shuttle type and displayed the ability to differentiate into adipogenic and osteogenic cells, indicating BMMSCs were successfully isolated and passaged ( Figure 1A) . After an 8-h trypsin incubation,~16.50 ± 2.01% rat BMMSCs maintained normal morphologies and intact cell membranes. The wells with single-cell culture displaying characteristics presented by M-cluster accounted for~12.50 ± 2.43% of the total wells (2.03 ± 0.14% of total BMMSCs). After passaging to the second-generation culture, the rat Muse cells were adherent and presented as the long-shuttle type ( Figure 1B) .
Identification of the basic characteristics of rat Muse cells
FCM results showed the presence of CD29, CD90, and RT1A as positive markers, while the absence of CD34, CD45, and RT1B negative markers was observed in both rat Muse cells and BMMSCs (Figures 1A and 1B) . However, in contrast to BMMSCs, the level of SSEA-3 and SSEA-1 expression was significantly increased and the rates reached 75.6 ± 2.8% and 74.8 ± 3.1%, compared with 2.3 ± 0.3% and 2.1 ± 0.2%
in BMMSCs (P < 0.001) (Figure 1 and Figure S1 ). In addition, 77.62 ± 5.3% of SSEA-1(+) cells expressed SSEA-3 ( Figure 1B b9) .
Ability for pluripotent differentiation and differentiation into three germ layers of Rat Muse cells
The IF assay showed that pluripotent stem cell markers including NANOG, OCT 3/4 and SOX 2 were expressed and detected as positive signals in the rat Muse cells (Figure 2A a1-3) . The qRT-PCR and western blotting results showed that the level of mRNA and protein expression was significantly higher in Muse cells than in BMMSCs (P < 0.05) (Figure 2A a4-6 ). Gene markers of the capacity for germ layer differentiation, including α-fetoprotein (AFP, for the endoderm), α-smooth muscle actin (α-SMA, for the mesoderm), and neurofilament medium polypeptide (NEFM, for the ectoderm) similarly manifested (P < 0.05) ( Figure 2B ) after inducing differentiation using a specific medium.
Protective effect of Muse cells on IEC-6 and Caco-2 in direct contact co-culture
The CCK-8 and Edu assay showed that the cell viability and proliferation rates of IEC-6 and Caco-2 cells significantly decreased after the addition of exogenous TNF-α (P < 0.001) ( Figures 3A and 3B) , and the level of proteins, including proliferating cell nuclear antigen (PCNA), zonula occludens-1 (ZO-1), and Occludin were significantly decreased (P < 0.05) ( Figure 3C ), which demonstrated that an intestinal epithelial cell injury model had been well-established. After the supplementation of BMMSCs, the proliferation rates of the cells recovered (P < 0.05), and the molecular expression levels were rescued. In the Muse cell group, the protective effect was more apparent than that in the BMMSCs group (P < 0.05) ( Figure 3 ).
Reparative effect of Muse cells on IEC-6 and Caco-2 in co-culture in Transwell chambers
When Transwell chambers were used, we found that BMMSCs and Muse cells displayed similar protective effects ( Figures 4A−C) . The levels of PCNA proteins in IEC-6 and Caco-2 cells were significantly decreased in the injured group. In the BMMSCs and Muse cells groups, PCNA expression was restored and the PCNA proteins were transported from the cytoplasm to the nucleus ( Figure  4D ). When labeling ZO-1 and determining the expression levels in IF assays, Muse cells were found to restore the level of ZO-1 expression in the cells and protect the broken structure ( Figure 4D) , indicating that the intestinal barrier structure can be protected by Muse cells; the effect was greater than that of BMMSCs.
Muse cells improved the inflammatory microenvironment
The ELISA assay showed that levels of inflammatory cytokines (e.g., IL-6 and IFN-γ) were reduced while the levels of anti-inflammatory cytokines (TGF-β and IL-10) (P < 0.01) were increased in Muse cells (P < 0.01) compared with BMMSCs (P < 0.05) ( Figure 5A ). Further studies showed that the rate of Muse cell apoptosis in the inflammatory environment was significantly lower than that of the BMMSCs (23.6 ± 2.3% vs. 43.3 ± 3.9%; P < 0.01) ( Figure 5B ). In addition, qRT-PCR results showed that the level of TGF-β and IL-10 mRNA in Muse cells within the inflammatory environment was significantly higher than that in BMMSCs (3.75-and 2.61-fold changes, respectively; P < 0.01) ( Figure 5C ).
Discussion
The discovery of Muse cells is perceived as a milestone in the field of stem cell research, providing a broad perspective for cell therapy (Young, 2018) . In referring to the protocol for the collection of human Muse cells (Wakao et al., 2011) , rat Muse cells were separated from BMMSCs via applied stress stimulation, which is dependent on the anti-stress response of Muse cells to ensure that this group of cells survives whereas other cells are lysed. Rat BMMSCs were incubated in trypsin for 8-h to eliminate as many other cellular components as possible while maintaining the health of the target Muse cells. Under stress and undergoing single-cell culture,~2.03% of rat BMMSCs could form Muse cell clusters and be stably passaged, a value close to that for human BMMSCs (1.9%) (Wakao et al., 2014) . Further study showed that the Muse cells retained the classical molecular markers of BMMSCs, as well as the capacity for differentiation into osteogenic and adipogenic cells . Dezawa (Wakao et al., 2011) was the first to discover that the ratio of SSEA-3positive cells was increased after long-term incubation with trypsin, and described this as the characteristic marker of Muse cells. Liu et al. (2016) identified SSEA-3 (+) in Muse cells following long-term incubation with trypsin by IF. The proportion of SSEA-3 (+) positive cells in Muse cells was reported to be~90% (Heneidi et al., 2013) and 57.7 ± 11.8% (Gimeno et al., 2017) . In the present study, the proportion was~75.6%, which further proved that the cells we isolated could be considered Muse cells. Interestingly, Figure 4 Rat multilineage-differentiating stress-enduring (Muse) cells protected the tumor necrosis factor α (TNF-α)-damaged intestinal epithelial cells in a Transwell chamber, intestinal epithelial crypt cell-6 (IEC-6) and colorectal adenocarcinoma 2 (Caco-2). (A-B) Bone marrow mesenchymal stem cells (BMMSCs) and Muse cells were co-cultured with TNF-α-damaged IEC-6 and Caco-2 cells for 24 h to measure the reparative effect of stem cells with a Transwell chamber, respectively. Cell viability of IEC and Caco-2 cells was determined by a cell counting kit-8 (CCK-8)-based cell viability assay (A), and proliferation was determined using an EdU Kit (B). (C) Western blotting analysis and quantitative analysis were used to detect the level of proliferating cell nuclear antigen (PCNA), zonula occludens-1 (ZO-1), and Occludin expression. β-Actin served as an internal control. (D) PCNA was labeled for cell proliferation and ZO-1 labeled for intestinal barrier structure by immunofluorescence. The groups were presented as follows: Control (d1, d5), TNF-α (d2, d6), TNF-α/BMMSCs (d3, d7), and TNF-α/Muse cells (d4, d8). DAPI: Dihydrochloride. Mean ± standard deviation (SD). *P < 0.05, **P < 0.01, ***P < 0.001, Scale bars = 50 μm.
our study also indicated that the ratio of SSEA-1 (+) cells was increased after long-term incubation in trypsin. Li et al. (2017) termed SSEA-1 (+) cells in pigs as SSEA-1expressing enhanced reprogramming (SSER) cells, and such SSER cells were considered to be different from Muse cells as they were negative for SSEA-3. However, in our study,~78% of rat SSEA-1 (+) cells expressed SSEA-3. The difference between the two types of cellular patterns has not been studied systematically and will be a future research direction in our laboratory. In addition, the pluripotent differentiation ability of Muse cells is the decisive factor for distinguishing Muse cells from MSCs (Dezawa, 2016; Toyoda et al., 2019) . Our results showed that rat Muse cells were positive for pluripotent stem cell markers. Similar results were observed in the determination of AFP, α-SMA, and NEFM, which are used for the identification of Muse cells (Gimeno et al., 2017; Wakao et al., 2018) . In summary, our study found the presence of cells in the bone marrow of rats that have similar characteristics to human Muse cells, and this portion of cells expressed SSEA-3 and SSEA-1 at high levels, as well as other pluripotent stem cell markers. However, we have currently only completed preliminary studies on rat Muse cells. Thus, it appears to be more appropriate to temporarily use the term "rat Muse-like cells". Advanced sorting methods and complete identification evidence will be the focus of our work in further studies. IEC-6 and Caco-2 injured by TNF-α represent classic in vitro cell models for damaged intestinal epithelial cells in an inflammatory environment (Cao et al., 2017; Yin et al., 2019) . We found that the proliferation of intestinal epithelial cells was restored after co-culturing with Muse cells, and the levels of expression of the tight junction proteins, ZO-1 and Occludin were upregulated. The effects in intestinal epithelial cells co-cultured with Muse cells were more obvious than those in epithelial cells co-cultured with BMMSCs (Mahmood et al., 2019) . These results suggested that Muse cells have more positive effects on the protection of epithelial cells. The release of inflammatory factors during intestinal injury is a serious role obstacle to the repair of intestinal epithelial cells (Knipe et al., 2016) . To further clarify the role of the immune microenvironment during damage, Transwell chambers were used to inhibit cell-to-cell contact between the stem cells and intestinal epithelial cells during co-culture (Skottke et al., 2019) . The results of these experiments showed that the protective effects associated with the Muse cell co-culture remained significant. ZO-1 labeling showed that the tight junction structure among intestinal epithelial cells was also restored. This indicates that Muse cells may play a protective role by improving immune microenvironment.
Previous studies have confirmed that Muse cells have immunoregulatory functions by the secretion of antiinflammatory cytokines (e.g., TGF-β, IL-10, and complement C3) and antagonizing macrophages or T lymphocytes to secrete proinflammatory factors, which was more pronounced than that of MSCs and other component cells (Gimeno et al., 2017; Yabuki et al., 2018) . This mechanism plays a fundamental role in the effective treatment of various diseases, including ischemia-reperfusion injury post lung transplantation (Yabuki et al., 2018) , type I diabetes (Perone et al., 2018) , and aortic aneurysm expansion (Hosoyama & Saiki, 2018) . In our study, the level of some classical inflammatory-related cytokines was measured in the medium of the co-culture system comprised of Muse cells, BMMSCs, and intestinal epithelial cells (Gimeno et al., 2017; Yin et al., 2017) . By detecting the levels of IL-6, IFN-γ, TGF-β, and IL-10, we found that the in the supernatant, the concentration of proinflammatory cytokines IL-6 and IFN-γ was lower, while the level of the anti-inflammatory cytokines TGF-β and IL-6, was significantly increased. In addition, the effect of co-culture with Muse cells was significantly greater than that for BMMSCs. This indicates that Muse cells could provide a more favorable immune microenvironment during the process of protecting intestinal epithelial cells.
The survival and colonization rate of BMMSCs is poor in complex inflammatory conditions, which is a critical limitation of their clinical application . In contrast, the antiapoptotic capacity of Muse cells is significantly improved, which is crucial for their stable antiinflammatory and immunomodulatory functions. In addition, qRT-PCR results demonstrated that Muse cells exhibited a greater capacity to secrete TGF-β and IL-10 compared with BMMSCs, which can directly improve the intestinal inflammatory environment. The reason for such decreased IL-6 and IFN-γ expression may be that Muse cells inhibit lymphocyte secretion (Yabuki et al., 2018) . This may provide a new perspective for revealing the mechanisms of immune regulation of MSCs. In short, various aspects of Muse cell mechanism, including greater antiapoptotic ability, a stronger ability to secrete antiinflammatory factors and more ideal immune regulatory function, could synergistically protect intestinal epithelial cells. Our studies indicate that Muse cells have great potential in the treatment of intestinal inflammatory diseases (e.g., IBD).
Conclusions
To our knowledge, this is the first time that adult pluripotent stem cells presented features similar to human Muse cells in rats; these cells maintain the basic characteristics of BMMSCs and positively expressed SSEA-3 and SSEA-1, as well as other pluripotent molecular markers. On the basis of the signaling pathways associated with anti-inflammatory and immunomodulatory molecules, rat Muse cells have an ideal protective effect on damaged intestinal epithelial cells in vitro.
